The major purpose of this research was to gain insight into the effect of carbohydrate malabsorption on fecal water output. To do this we measured daily fecal output of total carbohydrate, reducing sugars, and organic acids (a product of bacterial fermentation). Normal subjects were studied in their native state and when diarrhea was induced by mechanisms that did and did not involve carbohydrate malabsorption. Patients with malabsorption syndrome were also studied. We concluded that: (a) Excretion of carbohydrate and its breakdown products can be expressed as a single number by converting organic acids to their monosaccharide equivalents. (b) Diarrhea per se causes only a trivial increase in fecal carbohydrate excretion. (c) The molar output of osmotic moieties in feces due to unabsorbed carbohydrate can be determined by adding fecal reducing sugars to organic acids and their obligated cations. This expression parallels almost exactly the effect of increasing doses of lactulose (a nonabsorbable sugar) on fecal water output; one excreted millimole obligates 3.5 g of stool water. This relationship can be used to predict the effect of carbohydrate malabsorption on stool water output in patients with diarrhea. (d) 12 of 19 patients with malabsorption syndrome due to various diseases had excessive fecal excretion of carbohydrate and its breakdown products; of the diseases that cause malabsorption syndrome, combined small and large bowel resection is most likely to result in excessive fecal excretion of carbohydrate and monosaccharide equivalents. In 6 of these 19 patients carbohydrate malabsorption appeared to be the major cause of diarrhea. (J. Clin. Invest. 1990Invest. . 86:1936Invest. -1944
Introduction
Carbohydrate (CHO)' that is not absorbed in the small intestine can be metabolized by colonic bacteria to organic acids (OA), some of which are absorbed across the colonic mucosa (1, 2) . CHO that is not metabolized by colonic bacteria to OA, and OA that are not absorbed by the colon, would remain in the colonic lumen and could lead to osmotic diarrhea. The actual magnitude of fecal excretion of CHO and OA in malabsorption syndrome has not been well quantitated in the past. Therefore, it is uncertain to what extent CHO malabsorption is responsible for the diarrhea that can be a major feature of malabsorption syndrome.
The purpose of this research was to gain a more comprehensive picture of the magnitude and significance of carbohydrate malabsorption than has been possible in the past. To do this, we measured fecal output of total CHO, reducing sugars, and OA. Total CHO was assayed using anthrone, a method that measures all hexose CHO, whether excreted as monosaccharides, disaccharides, or oligosaccharides (3, 4) . The unit of expression is grams of fecal CHO excreted per day; it thus provides a measure of total fecal CHO excretion, regardless of molecular size. In contrast, the reducing sugar assay detects the reducing ends of CHO molecules; 1 mol of starch (> 50,000 g of CHO) and 1 mol of glucose (180 g of CHO) would give the same result. Therefore, the reducing sugar assay provides information on the number of moles of excreted CHO and is useful in determining the osmotic effect of fecal CHO. Fecal output of OA was measured to detect the fraction of CHO that is excreted in stool as a bacterial product of unabsorbed CHO. These analytical methods were applied to stools that were quantitatively collected by normal subjects studied in their native state and when diarrhea was induced by mechanisms that did and did not involve CHO malabsorption. Patients with malabsorption syndrome secondary to various diseases were also studied and the magnitude and osmotic activity of unabsorbed CHO and OA were compared with stool water losses.
Methods
Stool collections. Stools were collected quantitatively using preweighed containers. The stools were kept cooled in an ice chest or in a portable refrigerator. Previous studies have shown that bacterial metabolism of CHO under these storage conditions is minimal (5) ; these data are shown in the inset in Fig. 1 . Preservative and antibiotic solutions (6) were not used because they were found to interfere with an evaluation of stool consistency and with some of the analytical procedures necessary for this research.
Experimental diarrhea in normal subjects. Normal subjects volunteered for these experiments. All had had previous experience in clinical research and in the techniques ofquantitative stool collection. They were paid a fee for their participation. These studies were approved by the Institutional Review Board for Human Protection of Baylor University Medical Center.
While subjects continued to eat their normal diets, osmotic diarrhea was induced by ingestion of a solution containing either 105 g/liter polyethylene glycol (PEG) 3350 (100 mmol/liter NaCl, 35 mmol/liter NaHCO3, and 5 mmol/liter KCI) to achieve isotonicity. Subjects swallowed a polyvinyl tube that had a mercury weight and an inflatable balloon on its tip. The location of the tip of the tube was checked fluoroscopically. The balloon was inflated as soon as the tip ofthe tube reached the descending part ofthe duodenum. After the tip ofthe tube reached the cecum the balloon was deflated and the subject ingested a meal. Beginning 1 h after the meal, 144 ml (31.2 g) of the polycose solution was infused at a constant rate into the cecum over a 2-h period. Subjects ingested subsequent meals every 6 h, followed by polycose infusion starting 1 h after each meal. The total amount of polycose infused in the 30-h study period was 156 g ( 125 g per 24-h period). 15 h (from the start of the first meal until the end ofthe third infusion) were allowed for defecation ofbowel contents that were already in the colon before infusion was begun. After finishing the third infusion a 24-h stool collection was obtained. The same protocol was followed for the infusion of the starch solution, except that each infusion period lasted 4 h, during which 450 ml of starch solution (31.5 g of starch) were infused after each meal (125 g per 24-h period).
Patients. We studied 19 patients with chronic diarrhea, with disorders expected to cause malabsorption. Diagnosis was established after a complete protocol evaluation that has been previously described (7, 8) . The The method of van de Kamer et al. was used to measure fecal fat (9) . OA were measured by a titration method that was described previously (10) and validated in our laboratory (5) . Total CHO was analyzed using anthrone by a modification of a spectrophotometric method (3) . Reducing substances were analyzed by the method of Nelson-Somogyi (11) . Since PEG interfered with the reducing substance assay, PEG was extracted from the supernatants of PEG-induced diarrhea with an equal volume of chloroform; after extraction, excess chloroform was evaporated in a boiling water bath before analysis for reducing substances. OA did not react as a reducing substance in the procedure. Glucose 
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To evaluate the validity of this equation, seven freshly passed stool specimens from two normal volunteers were homogenized with an equal weight of solution containing 30 g/liter of glucose (n = 5) or 30 g/liter of polycose (n = 2). The stool homogenate was stored in a closed container at room temperature for 48 h to allow bacteria to metabolize monosaccharides to OA. Total CHO (anthrone) and OA were analyzed and monosaccharide equivalents were calculated. Fig. 1 shows that the significant decrease (P < 0.001) in CHO concentration during storage of samples at room temperature was accompanied by a significant increase (P < 0.001) in OA concentration; the sum of the measured concentration of total CHO plus calculated monosaccharide equivalents did not change significantly. Therefore, the magnitude of carbohydrate malabsorption (which is the sum of fecal CHO per se plus monosaccharide equivalents) can be calculated and expressed as a single number. The inset to Fig. 1 shows that storage under refrigerated conditions markedly diminishes bacterial metabolism of fecal CHO.
Average normal values and upper limits ofnormal (defined as the mean + 2 SD) for outputs of CHO, OA, monosaccharide equivalents, and other relevant parameters were established in normal subjects in their native state and when diarrhea was induced by ingestion of PEG, phenolphthalein, or sodium sulfate. These values were compared with those from normal subjects with experimental CHO malabsorption and patients with malabsorption syndrome or microscopic/collagenous colitis. Results in these five groups are shown in Tables  II and III . Fig. 2 summarizes fecal output of CHO plus monosaccharide equivalents in individual subjects and patients. In normal subjects in their native state CHO plus monosaccharide equivalent output was < 5 g/d, and with non-CHO-induced diarrhea it was as high as 9 g/d. With CHO-induced diarrhea, 10 of 15 normal subjects excreted > 9 g/d of CHO plus monosaccharide equivalents. Five normal subjects with CHO-induced diarrhea excreted < 9 g/d; these subjects had mild diarrhea, with stool weights < 400 g/d (6, 7, 9, 13, and 15 in Table II). 12 of the 19 patients with malabsorption syndrome had a The relation between the concentration of total CHO and of reducing sugars in lactulose-, polycose-, and starch-induced diarrhea is shown in Fig. 3 A. This figure shows three reference lines calculated from molecular weights; the steepest line reflects results if all CHO were monosaccharides, the middle line if all CHO were disaccharides, and the lowest line if all CHO were heptasaccharides. Most samples of lactulose-induced diarrhea (closed circles) were near the middle line, suggesting that most of the excreted CHO was lactulose, rather than its monosaccharide components. Five of the six subjects with polycose-or starch-induced diarrhea were close to or above the middle line, suggesting that most of the excreted CHO were mono-or disaccharides, rather than polycose or starch. Fig. 3 B shows this correlation for patients with malabsorption syndrome. The points varied rather widely between the lines for monosaccharides and heptasaccharides. Fig. 4 shows the effect of increasing doses of lactulose on fecal output of (a) reducing sugars, (b) OA plus their obligated cations, and (c) the sum of reducing sugars plus OA plus their obligated cations. Fecal water output is shown for comparison, by the dotted line. The effect ofincreasing doses oflactulose on stool water output was paralleled almost exactly by fecal output of the sum of reducing sugars plus OA plus their obligated cations. This lent support to the supposition that fecal water output increased in CHO malabsorption because of the combined osmotic effect of reducing sugars, OA, and obligated cations, and suggested that the fraction occupied by the three components of this combined effect had been accurately apportioned. Fig. 4 also shows that it was OA and obligated cations, and not CHO, that accounted for nearly all CHO-derived osmotic moieties when lactulose intake was 0 and 45 g, suggesting that all of the CHO that reached the colon had been metabolized to OA. At higher lactulose intakes, reducing sugars accounted for an increasing fraction of CHO-derived osmotic moieties that appeared in fecal fluid, indicating that metabolism of CHO to OA was incomplete.
In Fig. 5 A, fecal output of reducing sugars plus OA plus obligated cations is plotted against stool water output in subjects with induced diarrhea. There was no significant correlation between these variables in subjects with diarrhea due to PEG, phenolphthalein, or sodium sulfate (open circles). However, in lactulose-, polycose-, and starch-induced diarrhea (solid circles) the correlation was excellent (r = 0.94, P < 0.001); 1 mmol of reducing sugar plus OA plus cations obligated an average of 3.5 g of stool water. Fig. 5 B shows similar data in the patients. In six patients (2, 3, 5, 8, 13, and 16 in Table III ) results fell within or close to the extrapolated range for CHO-induced diarrhea; this suggests that in these patients CHO malabsorption was a major cause of diarrhea. Results in the other patients fell within or close to the range of non-CHO-induced diarrhea; in these patients there was therefore no evidence that CHO malabsorption contributed in a major way to the development of diarrhea (as measured by excess stool water output).
Discussion
Unabsorbed dietary CHO can appear in stool as either CHO per se or as OA (see Introduction). To obtain an overall measure of carbohydrate malabsorption, it is useful to derive a single value that takes into account both fecal CHO and OA. Our in vitro studies (Fig. 1) show that fecal excretion of OA can be converted to their monosaccharide equivalents with the use of a previously published fermentation equation (1) ; when this value is added to total fecal CHO measured by anthrone, a single value (CHO plus monosaccharide equivalents in grams per day) is obtained that reflects both fecal CHO per se and CHO excreted as OA.
Fecal excretion of CHO plus monosaccharide equivalents in normal subjects under control conditions averaged 3 g/d.
Since normal people eat 275 g of CHO per day (5), and 25 g may reach the colon physiologically (13) , the human intestine and its bacterial flora are very efficient in digesting, metabolizing, and absorbing CHO and OA. We also studied normal subjects when they had diarrhea due to ingestion of either PEG, phenolphthalein, or sodium sulfate; fecal excretion of CHO plus monosaccharide equivalents rose only slightly, to an average of 5 g per day, despite a marked increase in fecal water output. Digestion, metabolism, and absorption of CHO and Table II . OA therefore remains efficient in normal people, even in the face of severe diarrhea. Diarrhea was also induced in normal subjects by feeding them lactulose, a disaccharide that is not absorbed by the small intestine, or by infusing polycose or starch into the cecum. When 125 g/d of lactulose was ingested, an average of 55 g of CHO plus monosaccharide equivalents was excreted in stool; the other 70 g were presumably metabolized by colonic bacteria to OA which were absorbed by the colon. When 125 g/d of polycose or starch were infused into the cecum, fecal excretion of CHO plus monosaccharide equivalents averaged 25 and 19 g/d, respectively, about half the amount excreted when 125 g of lactulose were ingested. These results might reflect better bacterial metabolism of starch and polycose than of lactulose; however, we cannot rule out some reflux of infused starch or polycose from the cecum into the ileum, where digestion (by amylase) and absorption ofsugar per se (by the small intestine) might have occurred. Variable degrees of reflux could also be responsible for the rather large differences in results between different subjects who received the same intracecal dose of polycose and starch; variable colonic motility might also contribute to these differences.
When We also studied patients with malabsorption syndrome due to various diseases. Patients with combined small bowel and colon resection consistently had abnormally high fecal excretion of CHO plus monosaccharide equivalents. Two factors probably contribute to the tendency to high fecal excretion of CHO plus monosaccharide equivalents after small bowel plus colon resection. First, the shortened small intestine of these subjects might absorb an abnormally small fraction of ingested dietary CHO, and second, their colonic conversion of CHO to OA and their colonic absorption ofthese OA might be reduced. In support of this second possibility, one patient ( 12 in Table III ) with a massive small bowel resection but an intact colon excreted normal amounts of CHO plus monosaccharide equivalents.
Three of five patients with pancreatic disease also had excessive fecal excretion of CHO plus monosaccharide equivalents, but in these cases excess fecal CHO excretion was relatively mild compared with fecal fat excretion. Two of six patients with villous atrophy had excessive fecal excretion of CHO plus monosaccharide equivalents, and one of these (8 in Table III ) had the highest fecal CHO excretion of the entire group.
In two patients (8 and 13 in Table III ) fecal calories due to CHO plus monosaccharide equivalents approached fecal calories due to fat. It should be noted that calorie loss due to CHO malabsorption has to be calculated from CHO plus monosaccharide equivalent loss. Calculation from measured fecal CHO and OA would underestimate calorie loss, because some ofthe energy contained in CHO is lost from the body as colonic bacteria convert CHO to OA.
As noted in the Introduction, fecal CHO measured by the anthrone assay does not reflect the osmotic activity of fecal CHO. Therefore, the anthrone assay for CHO does not give reliable insight into the extent to which fecal CHO contributes to the development of osmotic diarrhea. However, the moles of fecal CHO (as opposed to the grams of fecal CHO) can theoretically be determined by the amount of reducing substances in feces. Using in vitro studies, we showed that feces contain rather large concentrations of non-CHO reducing substances, but that these can be removed by lyophilization. Since lyophilization did not reduce fecal CHO or fecal glucose, the amount of reducing substances in lyophilized stool must reflect fecal reducing sugars. Therefore, with the exception of sucrose (which is not a reducing sugar), the concentration of reducing substances in lyophilized feces should accurately reflect the molar concentration of fecal CHO.
By comparing fecal concentration of total CHO measured by the anthrone method with fecal concentration of reducing substances we were able to estimate the average molecular size of fecal CHO (Fig. 3) . In lactulose-induced diarrhea, fecal CHO existed as either disaccharides or monosaccharides. Surprisingly, this was also usually the case when polycose or starch was infused into the cecum. This latter observation suggests that bacterial metabolism of starch to small CHO moieties is a rapid process; the conversion of monosaccharides to OA (rather than the conversion of poly-and oligosaccharides to monosaccharides) appears to be the rate-limiting step in the overall conversion of poly-and oligosaccharides to OA. This was also true in many patients with malabsorption who excreted excessive amounts of CHO.
When molar output of CHO, as measured by reducing substances, is added to molar output of OA and obligated cations, an expression for total molar output of osmotic moieties in feces due to unabsorbed CHO is derived. Provided that the analytical methods are valid, and that the three components of this expression have been accurately apportioned, in subjects with diarrhea due solely to CHO malabsorption there should be a direct and close correlation between the output of fecal reducing sugars plus OA plus obligated cations, and the output of fecal water. This proved to be the case when diarrhea was induced in normal subjects by feeding lactulose in varying amounts or by infusing polycose or starch intracecally (Figs. 4 and 5 A). On average, 1 mmol of fecal reducing sugar plus OA plus obligated cations obligated 3.5 g of fecal water. This means that in diarrhea due exclusively to CHO malabsorption, the concentration of reducing sugar plus OA plus obligated cations in fecal water is 286 mmol/liter.
In passing, it is interesting to note that only if both organic acids (and their obligated cations) and reducing sugars are considered, is there an excellent agreement between the fecal output of osmotic moieties and fecal water (Fig. 4) . This strongly supports the original view that OA play a role in the pathogenesis of diarrhea due to CHO malabsorption (14) (15) (16) , rather than the more recent view that they probably do not (17) (18) (19) .
Three of the five patients with pancreatic diseases had values for fecal reducing sugars plus OA plus obligated cations which fell within or close to the range of values for CHO-in-duced diarrhea in normal subjects (Fig. 5 B) . (In two of the three it was mainly OA rather than reducing sugar that was excreted in excessive amounts.) Thus, in these three patients with exocrine pancreatic insufficiency, increased fecal water output might be due mainly or even exclusively to CHO malabsorption. If this is the case, their high fecal fat output did not contribute in a major way to high fecal water output, presumably because it was not present in a molecular form that inhibits fluid absorption or stimulates fluid secretion by colonic mucosa (20) . The results in two of the patients with intestinal resection and in one of the patients with villous atrophy fell close to the extrapolated line for CHO-induced diarrhea; in these patients also, CHO malabsorption might be the dominant mediator of increased fecal water output. In the other 13 patients with malabsorption syndrome, the data do not suggest a major role for CHO malabsorption as a mediator of increased fecal water output even though several of them had increased fecal output of CHO plus monosaccharide equivalent.
These experiments show that excessive fecal excretion of CHO and OA is common in patients with malabsorption syndrome. CHO malabsorption can contribute significantly to fecal calorie loss in these patients, and can be the major cause of their diarrhea.
